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Executive Summary
This document is an overview report of the Cal Poly Senior Project ASTM Test Fixture for SeaSpine
orthopedic bone screws. The main application of orthopedic screws is to fasten implants directly to the bone
structure, enhancing structural integrity. Testing for breaking angle, insertion torque, removal torque, axial
pullout strength, and self-tapping force as specified in the ASTM F543 Annexes provides the FDA with
vital screw mechanics and ensures manufacturing uniformity. The test system is comprised of custom and
off the shelf components allowing for interchangeability, in case of part failure, and a low overall cost. It is
mechanically capable of testing two of the four annexes to completion; future steps are included for
remaining processes. Testing data validating the linear and rotational displacement of our system, as well
as Annex data is incorporated into this report. Feasibility of the design showcased in the following
documents present in this report: Intellectual Property Assessment, Technical Literature Review,
Indications for Use, Project Budget, Customer Requirements, GANTT Chart, Network Diagram, House of
Quality, Morphological Matrix, Concept Sketches, SOLIDWORKS Conceptual Model, System Detailed
Design, Manufacturing Process Instructions, Device Testing Plans, Testing Data and Analyses, and an
overall discussion and conclusion for the project.
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Introduction
Bone Screws are used in many orthopedic surgeries to provide fixation with bone. They play a critical role
in spinal surgery by providing a rigid connection for metal rods to correct deformity in the spine. They also
provide stability while the bone grows in between spinal vertebrae, allowing for permanent fusion. These
bone screws are considered a class two medical device and are regulated as one through the FDA. This
regulation includes stringent validations of devices before they come to market, including thorough
mechanical testing. For this project we are focusing on spinal bone screws which fall under ASTM F543
Medical Bone Screws testing guidelines [1]. The four specified test methods are for a torsional, torque,
pullout, and self-tapping test, annex 1, 2, 3, and 4 of ASTM F543 respectively. SeaSpine is a spinal implant
company who produces a variety of bone screws, all of which are tested in house for FDA submission. Our
goal for this project was to design and build a consolidated mechanical testing device that can perform all
the tests outlined in the ASTM guide.

Background
During meetings with Zac Dooley at SeaSpine, we developed a proper scope for the project. As a team, we
were able to gain insight as to what Zac does for the company as well as how this test device will help him
and other SeaSpine employees. Through asking clarifying questions such as project budget and goals our
team has determined the type of device and technical specifications we need to meet. Zac let us know that
although the project may seem simple at first, there will be many layers that aren’t initially obvious.
This is summarized below throughout the document. In addition, through working with a 0100 priority scale we have been able to identify the importance of each aspect and prioritize
accordingly in our project timeline and budget.
Intellectual Property Assessment
The intellectual property assessment highlights patented aspects of design components. This has assisted
our research by giving us an idea of what exists currently and the future direction of mechanical test
systems.
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Table 1. Previous Intellectual Property
Patent Title

Patent #

Description

Linear
actuator
assembly [2]

9270155

If we decide to design a linear actuator instead of buying one to save
money, we could be infringing on the claims of MTS’s patent on their
linear actuator assembly. Specifically, the claim about the setup of
having a linear actuator with a cross head for the purpose of tensile
testing on a longitudinal axis. This would be a concern with our pullout
testing. To avoid this, we would need to ensure we have the motor in a
different location than specified in claim 11.

Head
assembly [3]

9121791B2

This patent describes the design of the head assembly for a material
testing machine. This testing machine includes a pair of vertical
columns, a crosshead that is positioned on both columns, and a head
assembly attached to the crosshead. Furthermore, the head assembly
utilizes an electric actuator that can be selectively lowered from its
original position. To avoid infringement, we would investigate other
methods of attaching our motors and drivers that do not follow the
geometries outlined in this patent.

Sensor for
sensing
absolute
angular
position of a
rotating body
[4]

6759648

This sensor for angular position could apply to our design if were to
calculate torsional values rather than buying a transducer. If we were to
design our own device to determine angular position, we could
potentially infringe upon claims 1 through 6. Avoiding all these claims
would be straightforward. All we would have to do is use a source other
than an electromagnetic radiation source (EMR).

Force sensor
[5]

10732056F

This force sensor patent will apply to our design concepts as it serves as
a data collection method for testing and verification of the bone screws.
This will directly relate to the axial force readings (tensile and
compressive) that are necessary to meet the ASTM F543-17 procedures.
To avoid patent infringement, we will look to purchase commercial, offthe-shelf sensors rather than construct our own. By adapting these
sensors for our specific assembly, we will be saving time, money, and
have no worries regarding patent infringement.

Output spindle
shaft for a
rolling wheel
testing
apparatus [6]

6729178

This rolling wheel test apparatus could be related to how we design to
allow for 360-degree rotation in our test system. Specifically, this would
relate to our testing for torsional properties. There is a danger of
encroaching on claim 1, where the wires are attached to the pulley
system are explained. To avoid this, we could create a separate
encasement for the wires. This would avoid looping them through the
holes on the plate.
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Existing Designs
There are numerous devices currently on the market that can perform ASTM F543 testing for annexes one,
two, three, and four; a selection of these is shown below in Table 2. However, none of the current
devices can perform all the annexes on one consolidated machine and these machines are extremely costly.
Table 2. Existing Designs
Device

Company

Description

Bionix EM Torsion
Test System [7]

MTS

Completes automated ASTM F543 Annex 1 Torsional Test

Acumen
Electrodynamic Test
Systems [8]

MTS

Completes variety of tension and torsional testing for devices.
Covers ASTM F543 annex 1 and 4.

6800 Series Universal
Testing System with
Torsion Add-on [9]

Instron

Meets the torsional and axial annexes of ASTM F543 (Annex
1, 2, 4)

ElectroPuls E3000 [10]

Instron

Designed specifically for biomedical
applications, this automated system can complete both tenson
and torsional testing covered in ASTM F543

eXpert 81T Torsion
Testing System [11]

ADMET

Completes automated torsional test for ASTM F543 Annex 1

Technical Literature
Our ASTM testing device is going to be in accordance with ASTM F543 which is recognized by the FDA
and can be used as standardized testing to compare properties of bone screws. One study uses ASTM F543
as a method to compare the impact of different thread designs on spinal screws [12]. This paper
used annex 3 of the standard to perform pullout testing and through this concluded that their
new Osteogrip screws were sufficient in pullout strength when compared with competitors. Another paper
with similar goals was evaluating a novel carbon fiber reinforced PEEK composite bone screw [13]. They
again utilized annex 3 of the standard in performing screw pullout testing to quantitatively compare
the performance of the novel screw to existing screws on the market. Another paper utilized annex one
through four to evaluate a surface treatment on bone screws [14]. From the testing using multiple
devices similar to the one we will be designing they were able to determine the ideal concentrations for the
surface coating to produce optimal mechanical performance. Another study utilized pullout testing
on an MTS 858 frame to determine the effects of different geometric features have on
mechanical properties [15]. One last relevant study to our testing device again used the ASTM F543
standard testing to validate the anchorage capacity of pedicle screws [16]. Looking at this research we have
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collected a good understanding of what devices they are using to get ASTM F543 data and discovered
patterns in the layout of typical test frames. We will use this moving forward as initial inspiration for how
our device may be oriented and the order of components we may want to include. Overall, it is evident from
this research the impact that our ASTM testing device will have on numerous scientific research areas
advancing the medical bone screw industry.
Reference Standards
For this project we worked closely with the standards set by ASTM for medical bone screws. Specifically,
we worked with ASTM F543 annexes one through four as those outline the requirements for the
testing accomplish with our device. Within ASTM F543, other standards are also referenced that will
pertain to our design. ASTM F1839 is a standard regarding the bone foam material that will be used for our
testing with torque, pullout strength, and self-tapping force. This document will need to be referenced when
designing the test system to ensure that the specified sizes of bone foam fit into the device as well as when
we order bone foam for validation of the test system.
Project Scope
The scope of this project is to create a mechanical/electrical test system for orthopedic spinal bone screws.
The company & sponsor has required that the system can successfully calculate four
different test parameters: torsional properties, insertion/removal torque, axial pull strength, and selftapping torque. The system must be able to use a sensor to measure both torsional and tensile
properties and give time dependent raw data of each test. In addition to raw data, graphs that have xy depictions of displacement-load (for tensile) and angle-torque (for torsional) for the tests are also
required. System must be user-friendly, durable, resistant to friction, and meet additional specifications as
described in table 3 below.
Problem Statement
Medical Bone Screws require standardized testing to be proven sufficient and get cleared by the FDA before
coming to market. While SeaSpine currently conducts this testing in their mechanical test lab, the test
methods are inefficient and performed in an inaccurate manner. For example, SeaSpine measures torsional
properties with a simple torque wrench and a caliper instead of an automated system. Manually performing
these tests on multiple samples can be both tedious and inaccurate and current automated systems on the
market are expensive, commonly costing upwards of $30,000. It is critical that the data output of our system
is accurate since it will be used by the FDA to validate SeaSpine’s bone screws. This project will focus on
developing a low-cost system to automate bone screw mechanical testing for SeaSpine.
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Objectives
Indications for Use
The statement of work was edited slightly to create a better flow of information and cohesiveness. The
development of an ASTM Test System for Spine Screws is indicated for use by SeaSpine ® R&D engineers
to meet standard specifications for metallic medical bone screws (ASTM F543-17). This fixture provides
performance considerations and standard test methods for measuring mechanical properties in torsion and
axial forces of metallic bone screws. The test system should be able to effectively measure torsional
properties (Annex A.1), driving torque (Annex A.2), axial pullout strength (Annex A.3), and self-tapping
performance (Annex A.3) of metallic bone screws.
Customer Requirements
The following table of customer requirements was modified to better reflect the qualitative requirements
received from the customer and how they were each adapted into associated design specifications (Table
3). The intent of this change was to help visualize where values from the specification development came
from. The key customer requirements were to create a device capable of completing the four annexes at a
cost of less than five thousand dollars. From the customer requirements we were able to define the “what”
in the house of quality as shown below in Figure 2. These specifications were generated from the ASTM
543 guidelines. This standard is extremely detailed which made it easy to develop the specs. Not only does
this guideline state how to perform the tests but it also gives an allowable error for each measurement. We
also wanted to be able to accommodate all of SeaSpine’s screws thus Zac gave us the dimensions of their
largest and smallest screws. The team then determined who the test system would affect and rated customer
requirements for each entity. Functional requirements were identified from the customer requirements to
develop a weighted importance between the “how” and “what.” This weighted importance was used to
compare target and threshold values for the project ultimately driving design decisions.
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Table 3. Customer Requirements and Associated Specifications
Customer Requirement (Qualitative)

Associated Specification (Quantitative)

Capable of Test 1 (Torsion)

1-5 RPM
360 Degree

Capable of Test 2 (Torque)

5 RPM
1.14 kgf

Capable of Test 3 (Pullout)

3 RPM Insertion
5mm/min control

Capable of Test 4 (Self Tapping)

30 RPM
2 N/s control
1 N minimum Load

Low Cost

< $5000

Compatibility with Required Screws

Length Max = 120mm
Diameter Max = 15mm

Data Output

Visual graph appears on screen

Verification/Validation

Axial Control = +/- 1 N/s
Angle Control = +/- 0.3 Degrees

Boundary Definition
This ASTM Test System must be able to accurately create graphs that depict maximum torsion, torque, and
tensile strength for orthopedic bone screws. The test system must give time-dependent raw data for each
test from which the graphs will be computed. The raw data must be easily accessible by the test operator to
be saved to a file. The test system must be able to give the following outputs: breaking angle, max insertion
torque, max removal torque, UTS, and max tapping torque. The outputs will be calculated with the
following inputs: pull rate (mm/s) and rotations (rpm). The test system correlates only to Annexes 1-4 in
ASTM Standard F543 – 17. The system will be compatible with all spinal biomedical screws designed and
manufactured by SeaSpine but will not be compatible with screws larger than 150mm.

11

Project Management
Planning for the design of the ASTM test system began by defining the problem through a written
Indications for Use statement. This process then continued with the identification of key tasks that need to
be achieved for the development of the equipment. These tasks were categorized into major sections
including initial research, design milestones, assembly, and documentation. After identifying these
specified goals and associated outputs, they were each given time and resource estimations. Ultimately,
each task was compiled into an organized GANTT chart that detailed the schedule of these tasks. This
GANTT chart can be found in Figure 1. The critical path method was utilized to further analyze the tasks
associated with the project by estimating total project length. Lastly, a project budget was developed
to generate an overall estimate of costs for all components of the build. Table 4 below shows the key
deliverables for the ASTM test system and associated timeline for each task.
Table 4. Key Deliverables for Project Management
Deliverable

Due Date

Indication for Use

Mon, Oct 4

House of Quality (QFD)

Mon, Oct 4

Statement of Work

Mon, Oct 11

Project Plan Meeting

Mon, Oct 13

Morphological Matrix

Mon, Oct 18

PUGH Chart

Wed, Oct 20

Conceptual model

Wed, Oct 27

Conceptual design review report

Mon, Nov 1

Critical design review report

Mon, Nov 29

Test plan report

Tues, Jan 25

Project design report

Tues, Mar 8

The next step for our design process was to begin conceptually designing the mechanical aspects of the
system. We
first
began
by
identifying
existing
devices
that
meet
similar
needs, focusing on function for the design concepts. By identifying key functions required for the ASTM
testing system and decomposing similar products into their functions, we were able to come up with design
concepts for each individual function and subfunction. The concepts were then compared in a
morphological matrix to combine ideas into complete conceptual designs and identify a design that was
selected to be pursued for further development.
For concept prototyping, our plants are to utilize 3D modeling and rapid prototyping techniques to develop
a rough model for the critical aspects of the design. Furthermore, we used hand calculations as well as FEA
to ensure the design concept will quantitatively meet the device specifications. This led to a final, fully
developed design that is ready for assembly. Along with qualification testing, proper device documentation
was performed including a bill of materials, manufacturing process instructions, and
operational qualifications.
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Network Diagram
The following network diagram showcases the events, timeline, and critical path of the project. During the
design phase the fixture is broken down into different components in the network diagram. The hardest and
most novel part is the method for applying linear motion in the system, which has taken longer than initially
expected. Due to strategic design and minimal manufacturing of parts, the assembly phase is an area which
could be shortened. Because coding is a critical task we will split into two groups, manufacturing, and
programming, helping account for any excess time spent programming. Our simplified network diagram
can be seen below in Figure 1, a full version of our Gantt diagram can be seen in Appendix A.

Figure 1. Network diagram with critical path and important dates
Budget
The original budget was developed with limited knowledge of the overall design. Specifics of material
vendor and cost were not finalized at the time of the original budget plan, which resulted in a rough initial
budget with basic elements. In the updated budget, we have accounted for the necessary precision and force
elements associated with our fixture. All items in the budget have been purchased and utilized. A portion
of the budget can be seen below in Table 5, the full budget can be seen in Appendix B.
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Table 5. Project Budget
Item Description
Quantity
T-Slot Bracket Bolt
T-Slot Bracket Nut
Vise Plate
Vise Bolt
T-Slot
Compression Load Cell Flange
Nuts for Rotary Actuator
Bolts for Rotary Actuator
#10 spacer
T-Slot Brackets
T-Slot Bearings
Linear Rail
Linear Rail Clamps
Linear Rail Bolt
Load Cell Flange Nut
Comp Load Cell lower Flange Bolts
Load Cell (compression) Flange Bolts
Linear Rail Bearing
Load Cell to Rotary Actuator Screws
Load Cell to Rotary Actuator Screws (tension)
Rotary Actuator Nuts (tension)
Tension Load Cell & Upper Middle Plate Nuts
Tension Load Cell Bolts
Lead Screw
Lead Screw Spacer Bar Nuts
Lead Screw Spacer Bars
Lead Screw Flange
Clamping screw on bottom of threaded rod
Inner rail bearing nut
Inner rail bearing screw
Chuck
Upper Middle Plate Bolts
Key
High-Grip Clamping shaft coupling
Leveling Feet
3 Upper & 1 Lower Middle Plate
Top & Bottom Plate
Load Cell Plate
Torque Transducer Screws

2
1
1
4
2
1
1
1
4
8
6
2
2
1
1
1
1
2
1
1
1
1
1
1
1
4
1
1
1
1
1
3
1
2
8
1
2
1
1
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Total
Cost/Unit Cost
$7.97
$9.97
$79.50
$4.41
$43.62
$17.37
$5.35
$7.98
$6.04
$18.16
$74.94
$23.39
$94.30
$9.96
$4.49
$8.05
$8.27
$66.60
$12.74
$15.65
$1.76
$5.56
$10.07
$27.44
$8.00
$18.15
$77.40
$16.62
$5.81
$11.76
$39.40
$7.78
$6.77
$73.07
$9.79
$167.22
$291.15
$22.08
$9.91

$15.94
$9.97
$79.50
$17.64
$87.24
$17.37
$5.35
$7.98
$24.16
$145.28
$449.64
$46.78
$188.60
$9.96
$4.49
$8.05
$8.27
$133.20
$12.74
$15.65
$1.76
$5.56
$10.07
$27.44
$8.00
$72.60
$77.40
$16.62
$5.81
$11.76
$39.40
$23.34
$6.77
$146.14
$78.32
$167.22
$582.30
$22.08
$9.91

Upper Middle Plate and Lower Middle Plate Screws
Tension System Extender
Vise

5
1
1

$6.08
$20.56
$58.43

$30.40
$20.56
$58.43

Rotary Actuator
Tension Load Cell
RTL Servo Driver
Compression Load Cell
Torque Transducer

2
1
1
1
1

$0.00
$0.00
$0.00
$730.00
$939.15

$0.00
$0.00
$0.00
$730.00
$939.15

Rotary Actuator Attachment Compression
Tension Load Cell Flange
Rotary Actuator Flange Threaded Rod
Tension Flange to Chuck
Shaft Transducer to Chuck

1
1
1
1
1

$13.33
$13.33
$13.33
$2.12
$2.12

$13.33
$13.33
$13.33
$2.12
$2.12
$4,405.50

Specification Development (House of Quality)
The house of quality was written to specify customer requirements and functional requirements. Further
development of the project did not result in any changes to specification development.
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Figure 2. House of Quality for ASTM test system
Engineering Specifications
To design our device to meet the customer requirements, specific parameters and associated specifications
were developed. These specifications were given quantitative values that are needed to ensure the device
can perform necessary functions. These values were given tolerance values and matched with a relative
risk value measurement system to represent the importance each specification has for the device’s
function. Table 6 below outlines the engineering specifications and associated tolerances and risks.
Table 6. Engineering Specifications.
Specification
#

Parameter Description

Requirements or
Target (units)

1

Screw Size

Length (120 mm)
Diameter (15mm)

Max

L

T,I,S

2

Rotational Test Speed

1-30 (RPM)

Min/Max

L

T,I,S

Measured Torsional
Properties

Breaking Angle
(degrees)
Torsional Yield Strength
(Pa)
Maximum Torque (N*m)

+/- 0.3

L

T/A

Measured Driving Torque

Insertion and Removal
Torques (N*m)
Axial Load Applied
(1.14 kgf)

Max

L

T,A

+/- 1.0

M

T,A

+/- 1.0

M

T,A

+/- 1.0

H

A

3

4

5
6
7

Measures Axial Pullout
Strength
Measures Self-Tapping
Performance
Linear Precision

Axial load applied (5
mm/min)
Axial load applied (2
N/s)
Axial Displacement
(mm)
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Tolerance Risk Compliance

Engineering Specifications Test Methods
1. The device needs to be able to incorporate different sized SeaSpine ® spinal screws. To determine
success, all four of the ASTM tests will be performed on the maximum and minimum sized
screws.
2. ASTM F543 specifically states the necessary rotational test speeds for each Annex. The motor will
be preprogrammed and will measure success if the motor can perform at each speed.
3. The fixture needs to rotate 360 degrees both clockwise and counterclockwise. Success will be
determined by the angle of displacement.
4. Cost will be kept track through an excel spreadsheet
5. The test block will be bought from Sawbone making sure that it is adherent to ASTM F1839.
6. Measuring torsional properties, driving torque, axial pullout strength,
and
self-tapping
performance will be recorded and validated by using SeaSpine’s ® current method for testing.
Success will be determined with a two-tailed t-test using a 95% confidence interval.
Data visualization is a high-risk engineering specification which might not be able to be met due to time
constraints. Our goal is to create a fully developed ASTM bone screw test frame capable of performing four
different tests and are prioritizing the mechanical aspects of the test frame. If time permits the team will
proceed and focus on the software end of the device, specifically, the data visualization and preprogrammed
settings for different screw sizes and materials.
Morphology
Critical functions were identified for the mechanical test system as shown in the first column in Table 7.
These were taken as a combination of requirements from the ASTM F543 document as well as functions
that were deemed to be of high importance by the team as well as our sponsor. These functions include the
frame of the system, applying translational motion to the screw, applying rotational motion to the screw,
automated control, and user interface. The frame of our system was identified as a critical function since it
will be responsible for supporting our shaft which consists of motors, a torque transducer, a load cell, a
chuck, a lead screw, as well as multiple plates and couplings. Applying translation motion to our screw is
required to run both Annex 3 and Annex 4 since we will be inserting and removing the screw out of the
bone foam with the resulting force from the applied linear motion. Applying rotational motion to the screw
is necessary to the completion of Annex 1, 2, 3, and 4. The screw must be rotated in order to engage the
threads of the screw into the testing material. Automated control was also identified as a critical function
because our system must be able to be easily controlled by an operator, meaning we need to program the
system for the four annexes to ensure they get carried out safely and accurately. Lastly, the user interface
is another critical function to ensure that any operator can use this machine with little training required. For
each of these concepts six ideas of how we could accomplish the function were represented with simple
sketches.
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Table 7. Morphological Matrix
Morphology
Product: ASTM Spinal Screw Testing Device

Function

Concept 1

Concept 2

T-Slot

Steel

Motor w/
Rod

Motor w/
Pulley

Organization Name: SeaSpine

Concept 3

Concept 4

Concept 5

Concept 6

Acrylic

Aluminum
Sheet Metal

3D Printed

Air Cylinder

Electronic
Linear
Actuator

Rotational/
Translation
al DC

Hydraulic
motor

Drill Motor

Stepper
Motor

Hydraulic
Motor

AC Motor

DC Motor

Rotational/
Translationa
l DC

Arduino

Raspberry
Pi

Relays

PLC

Push
Buttons

Potentiomet
er

Touch
Screen

Frame of
System

Apply
Translation
Motion to Screw

Apply
Rotational
Motion to Screw

Automated
Controls

Plywood

PMC

Pulse/Signal
Generator

Joystick
control

Handheld
remote

User Interface
Laptop
(usb)

Team member: Sarah Pickering

Team member: Thomas Sunding

Team member: Matthew Rowen

Team member: Kaajal Khanna
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Prepared by: ASTM Team
Checked by:
ASTM Team

Approved by:

Concept Sketches
From the morphological matrix shown above in Table 7, the team selected ranked each concept, per function
and developed three different concepts each containing a unique combination of possible solutions. These
combinations were selected in a way where functions were matched in a way that they will work together.
Concept 1 included the use of a t-slot, an electric linear actuator, a stepper motor, a Raspberry Pi, with a
handled remote. Concept 2 included sheet metal, a threaded rod, an Arduino, and an external laptop to
control the system. Concept 3 included an acrylic frame, an air cylinder with a drill motor and a push button
relay control system.
#1: This idea started with the versatility of t-slot as a frame. Mechanical connection to the t-slot along any
point on the frame allows for easy adjustment without losing rigidity. An electronic linear actuator would
be easily attached to the t-slot to allow for linear motion. The stepper motor was selected due to accuracy
and strength for slow torque applications. The Raspberry Pi with a remote was chosen because Raspberry
Pi is one of the simplest and cheapest option for our automation and it would be able to be connected to a
receiver where the user can easily use a handheld remote to conveniently change the setting. This schematic
is shown in Figure 3 below outlines this device.

Figure 3. Concept sketch for design 1
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#2: In this design, sheet metal was chosen to fully encase the motors, rods, and other components for both
safety and cleanroom compliance. To provide axial force, an upper motor and threaded rod would provide
the driving force necessary to meet the ASTM testing standards. Attached to this threaded rod would by a
second DC motor design to provide the necessary RPM and torque requirements. Torque transducers and
axial force sensors would be put in-line with the assembly to provide the outputs necessary to meet the
desired device functions. Controls for both motors and data collection from the sensors would be performed
using an Arduino and custom software on an external laptop. Shown below in Figure 4 is a concept sketch
of this device.

Figure 4. Concept sketch for design 2
#3: With this design, acrylic was used to enclose and provide support for the test frame. Although
difficulties with mounting and structural support would arise, using acrylic would provide a clear barrier to
prevent any debris from hitting the operator. To apply an axial force an air cylinder attached to a platform
is used, providing ample force and control. The drill motor is placed on the other side of the platform to
produce the necessary rotational force. The user interface and controls of the system consist of push buttons
and relays. Figure 5 shows the concept sketch for this device.
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Figure 5. Concept Sketch Design 3.
Concept Evaluation (Pugh Charts)
The team then created Pugh Charts to evaluate the three concepts developed from the morphological matrix
shown in Figures 3, 4, and 5. These were evaluated against an existing device, the ElectroPulsE300 as seen
in the previous works section [10]. Each team member completed this ranking against the competitor using
the functions identified by the team and sponsor as critical and these rankings can be found in Appendix C.
Table 8 displays the overall conclusions made by the team with each of our scores averaged for each
concept. This led to concept 1 gaining the highest score which led the team to design the concept model
that will be shown in the next section.
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Table 8. Pugh Chart for Average Scores

Function
Capable of Test 1 (Torsion)
Capable of Test 2 (Torque)
Capable of Test 3 (Pullout)
Capable of Test 4 (Self Tapping)
Ease of Operation
Low Cost
Reliability/Durability
Compatibility with Required
Screws
Data Output
Verification/Validation

Averaged Table
Baseline:
Weight
ElectroPuls
E3000
10
1
10
1
7.5
-1
7.5
1
5
1
30
-1
5
1

Concept 1

Concept 2

Concept 3

1
1
0.75
1
0.75
0.75
0.75

0.75
0.75
0.75
1
0.75
0.25
0.25

1
1
0.5
0.75
0.75
0.75
-0.5

5

0

1

1

1

10
10
100

1
1
20

0.5
1
83.125

1
0.75
63.125

-0.25
1
65.625

Concept Model
We modeled the testing system using SOLIDWORKS as seen in Figures 6, 7, and 8. In the model there is
acrylic housing surrounding the rotary motor to prevent the Sawbones dust from getting inside the precision
motor causing excessive friction. In addition, there is acrylic shielding around the entire device to ensure
safety for the operator and any bystanders while the machine is running.
The Sawbones test blocks for torque, pullout, and self-tapping tests will be placed in a double-sided vise to
allow for manual centering of the pilot hole for any sized foam block, this can be seen in Figure 3. This will
prevent any rotation during screw insertion. Additionally, the vise has upper flaps that fit over the uniform
height of test block to provide counterforce during screw pullout testing.
The interface between components has been made easier through the use of t-slots. T-slot brackets come
with custom screws for attachment. The different components throughout the device will be screwed
directly to the fixture. The shafts and coupling extending from the rotary actuator will be held in place
through magnets.
The analysis of this conceptual model focused on identifying proper components to meet the inputs and
outputs required from the device and how each of these components will interface with each other. For
component selection, each component was chosen to meet specific inputs or outputs along with
corresponding quantitative values. For example, the component controlling axial motion needs to be able
to have an input of both a large force per unit time (5000N/s) and low displacement per unit time
(3mm/min). Another example was that the load cell was chosen to properly output both compressive and
tensile loads necessary for the test that also met the resolution standards required. After deciding the specific
components needed to meet each input and output for the device, we then determined how they would
interface with each other. Most of these components would be aligned linearly with each other, each with
its own unique connection. For example, the FHA Mini Rotary Actuator has a female hex connection while
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the torsional transducer it attaches to has a female threaded opening. To connect these two components
axially, we introduced an intermediate piece consisting of a hexagonal shaft, coupling, and threaded rod
that could transfer the loads and withstand the internal stresses during operation. Each of the components
placed in the assembly required unique connections to properly interface and transfer axial and torsional
loads to the screw for testing.
There were many takeaways that resulted from the model development. First, we determined our method
for controlling the axial force and displacement. Specifically, we plan on using a pneumatic air cylinder in
conjunction with proportional valves and a pressure regulator. Another key takeaway was determining the
proper size and geometry of our components and how they will be interfaced together, both through direct
connections and the mounting frame. To hold the components in proper positions, we plan on utilizing two
parallel T-Slot arms. The components will be attached to linear bearings on the t-slot to help keep the overall
motion properly aligned.
When researching components, we had a few key findings after inspecting data sheets. One of these findings
was that motors are only rated up to specific axial loads. During the axial pullout test, components between
the screw and air cylinder would all experience up to 5000N of tension. In order to prevent damage to
components, we realized that we would need to add a function to remove components for the specific test.
To do this, we would need to remove the assembly consisting of the rotary actuator, torque transducer, and
drill chuck at the interface attaching it to the air cylinder. This would be replaced with a fixture already
used at SeaSpine that attaches directly to the screws for pullout testing.
This process of conceptual modeling allowed us to determine specific components that will meet the
required functions of our device. Now that we have identified the components and associated controllers,
we can begin research into proper automation and controls for the device. We will also be able to begin the
process of working with vendors associated with SeaSpine to begin purchasing these components. For
custom components such as the sheet metal housing for the rotary actuator or the grip to mount the
Sawbone, we can begin developing detailed drawings required for manufacturing.
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Figure 6. Front view of conceptual model
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Figure 7. Isometric view of conceptual model

Figure 8. Partial isometric view with shaft housing hidden.
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Risk and Hazard Assessment
To gain a better understanding of the risks involved in the test system, the team completed a risk and hazard
assessment. We started with a preset list of common risks and hazards and assigned either a Y for yes or a
N for no, as seen in Figure 9. We then went into further detail for each of the risks we determined we present
in the project; these can be seen in Table 9. Included is the risk description, the planned corrective action
with planned date, and space to mark when the task gets completed.

Figure 9. Risk and Hazards Assessment
A detailed list of risks and hazards are listed below alongside the mitigation plan for each risk. Risk
mitigation was designed into the product, rather than merely adding it in post product development.
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Table 9. Risk and Hazard Assessment Plan.

Risk Number

1

Description of
Hazard

Planned
Corrective Action

Planned Date

Actual

Mitigate misuse of
product

Have clear
instruction manual
for engineers and
technicians to
operate motor

Plan to write once
all testing is
complete
(2/15/2022)

Written and
inserted into
report (3/1/2022)

2

System will have
5000 N of tension

Robust safety stops
and parts with
higher load ratings
than required

Plan to design
week 9 in class on
Monday
(11/15/21)

Hand calculations
and design
consideration
with a generous
factor of safety
(1/19/22)

3

120 V required to
power system

High voltage
components will be
purchased

Component
selection finalized
(11/17/21)

Purchased
electrical
components
(1/19/22)

4

Machining during
manufacturing

Obtain Cal Poly
Red and Yellow
Tags

Completed during
assembly (2/1/22)

Completed during
assembly (2/1/22)

5

Machine can be
used irresponsibly
by not following
proper testing
procedures and
cause harm to user

Warning labels and
proper training for
those who have
access

Complete on final
assembly (2/9/22)

Complete on final
assembly (2/9/22)
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Detailed Design
Starting from our front runner concept (concept 1) determined from our team’s Pugh charts shown in Table
8 we determined our initial concept model seen in Figure 6 through 8. Since the concept model was created
the model has been updated as more research has been completed. We have changed our linear motion
system from an electronic actuator to a lead screw/motor system. This decision was driven by both cost and
functionality. Due to the extremely slow speeds we need to control the linear motion, we were limited to a
small selection of costly electronic actuators. These slow acting linear actuators often were not able to
withstand our high force. By switching to a lead screw/motor system our team was able to utilize a motor
that SeaSpine already owned and was not in use. We have also changed the position of our load cell from
below the vise to below the lead screw. This prevents off-center loading causing inaccurate results for the
load cell. It also allowed us to utilize a standard vise, instead of self-centering. This vise is not shown in
our model but was purchased from Grainger and is present in the Budget. Previous versions of our design
can be seen in detail in Appendix D.
An overview of the compression set up of our system, used for testing in Annex A1, A2, and A4 is shown
below in Figures 10, 11, and 12. The compression set up consists, from top to bottom, the linear motion
lead screw/motor system followed by the inner rail system to allow for locking and unlocking to freely
screw in/out screws which is then attached to the compressive load cell, rotary actuator, torque transducer,
and the chuck connection to the bone screw. Not shown is the vise attached to the base plate, holding the
bone foam.
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Figure 10. Front View of Compression Assembly
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Figure 11. Compression Assembly Bill of Materials Page 1
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Figure 12. Compression Assembly Bill of Materials Page 2
In order to accommodate the high load, the system will experience during the pullout testing (Annex A4)
an additional set up of our test system was required. This set up can be seen below in Figures 13 and 14.
The load cell must be swapped out for one with a tension specific, high force capacity. Additionally, the
torque transducer must be removed due to its sensitivity, as well as the strength of its keyed connection.
Detailed drawings of the custom components manufactured by SeaSpine to allow for the interchangeability
of the system can be seen in Appendix E. To compensate for the lost length in the tension subassembly, a
5/8-18 rod is attached between the tensile load cell and to rotary actuator to increase the overall length. This
subassembly will be attached at the load cell plate connection as shown in the manufacturing plans.
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Figure 13. Tension Subassembly
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Figure 14. Tension Subassembly Bill of Materials
Prototype Manufacturing
To transition from a finalized detailed design to a working prototype, manufacturing process instructions
(MPI) were developed. The full assembly for the ASTM Test System was broken down into multiple
subcomponents to structure this manufacturing process. These subcomponents include the frame, upper
plate, center plate, torque attachment, and pullout attachment. Included in the MPI is a breakdown of
facilities, equipment, components, and other factors necessary for manufacturing.
Facilities:
−
−
−

Cal Poly Mustang 60 and Hanger machine shops
Cal Poly Bldg. 192-330
SeaSpine machine shop

Certifications:
−

Cal Poly “Red Tag”: Allows access to the woodshop, basic metal working equipment, and laser
cutters. Will be used to access tools or assembly and equipment for fabrication of certain custom
components

Equipment:
The following table outlines the necessary equipment used for the assembly of the ASTM Test System
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Table 10. List of Manufacturing Equipment
Equipment
Allen Wrench Set

Usage
Joining components via screws

CNC Router

Machining custom components, including multiple plates required for
attachment. The CNC will be controlled and ran by trained shop
operators.
Creating threaded holes in materials
Created accurate holes and removing material from parts

Drill Press
Mill
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Manufacturing Plan
Outsourced Fabrication
For the creation of the upper plate, lower plate, and center plate of the ASTM Test System is to be
outsourced to machinists at both SeaSpine and Cal Poly due to the necessary training required to operate
the required machinery (ex. CNC Router). Solid metal stock was purchased and supplied to the machinists
that would then modify the material to create the necessary holes required for alignment and connections
of various components.
Manufacturing Process Instructions
The following drawings will be machined in Mustang 60 by the ASTM SeaSpine Team. Shown in Figure
15 below is an example of one of our 15 machined pieces of steel. These 15 machined parts range in
complexities and include the following: upper plate, lead screw support plate, upper middle plate, load cell
plate, rotary actuator plate, torque transducer support plate, base plate, and 8 supporting “wings” for the
middle and support plates. All of these drawings can be seen in Appendix F.

Figure 15. Base Plate Drawing.
Sections 1-5 below outline the necessary steps for building the subassemblies of the ASTM Test System.
Sections 6 outlines the processes required to combine these subassemblies into the final structure.
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Figure 16. Base Plate Assembly.
Parts:
- x8 Leveling feet (6111K202)
- x1 Base Plate
- x1 Vise Plate
1a. Screw the 8 leveling feet into the baseplate by hand, tightening until snug.
1b. Align the holes in the vise plate with the corresponding ones in the base plate.

Figure 17. Frame Assembly.
Parts:
- x2 T-Slot (47065T426)
- x4 T-Slot L-Bracket (47065T842)
- x8 T-Slot L-Bracket Nuts (95462A031)
- x8 T-Slot Bracket Bolts (92620A628)
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- x4 Vise Screws (92620A748)

2a. Align the two holes of the T-slot L-brackets with 10 mm holes on the baseplate, with
the exposed side facing towards the center of the plate.
2b. Repeat this step three more times, such that all T-slot L-brackets are aligned with the holes of
the baseplate and have their flat end facing the center of the plate.
2c. Insert T-Slot Bracket Bolts through the holes of the L-brackets and into the baseplate holes,
tightening by hand.
2d. Use allen wrench to tighten all 8 screws
2e. Align T-slot shafts such that each shaft is being touched by two flat ends of the L-brackets.
2f. Insert T-Slot Bracket Bolts through holes of the L-bracket and into the T-slot
2g. Use allen wrench to tighten screws
2h. Repeat steps f and g such that both T-slot shafts are aligned vertically to the surface of the
baseplate.
2i. Place vice grip between T-slot shafts and against baseplate, aligning with central grooves
2j. Insert Vise Screws and associated nut
2k. Tighten screws by hand (note: alignment along groove will be addressed during testing
procedures)

Figure 18. Bearings Assembly.
Parts:
- x6 T-Slot Bearing (47065T964)
3. From the top of the T-Slot, align a T-Slot Bearing with the interior face and slide it to the
bottom of the rail. Repeat five times with three bearings on each rail.
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Figure 19. Top Plate Assembly.
Parts:
- x1 Top Plate
- x4 T-Slot L-Bracket (47065T842)
- x8 T-Slot L-Bracket Nuts (95462A031)
- x8 T-Slot Bracket Bolts (92620A628)
- x1 Rotary Actuator
- x4 Bolt-Rotary Actuator to Top Plate (92314A257)
- x4 Nuts-Rotary Actuator to Top Plate (91841A011)
4a. Align the two holes of the T-slot L-brackets with 10 mm holes on the top plate, with the flat
end facing towards the center of the plate.
4b. Repeat this step three more times, such that all T-slot L-brackets are aligned with the holes of
the Top plate and have their flat end facing the center of the plate.
4c. Insert T-Slot Bracket Bolts through the holes of the L-brackets and into the upper holes,
tightening by hand.
4d. Use allen wrench to tighten all 8 screws
4e. Align the four holes of the AC motor with the four holes in the center of the op plate.
4f. Place the Bolts-Rotary Actuator to Top Plate into the aligned holes of the motor and top plate
4g. Use allen wrench to tighten all 4 screws.
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Figure 20. Middle Plate Assemblies.
Parts:
- x1 Mid-Plate-Upper
- x2 Longer-Mid-Plate-Sides
- x8 Bolts-T-Slot Bearings to Mid Plates (91251A543)
- x4 Screw-Into Middle Plates (91864A050)
5a. Align the two center holes on the Longer-Mid-Plate-Sides with the bored-out holes on the
edges of the Mid-Plate-Upper. The plates should form an I-beam.
5b. Insert two Screw-Into Middle Plates to Mid Plates through each of the Longer-Mid-PlateSides and thread directly into the Mid-Plate-Upper.
5c. Insert the Bolts-T-Slot Bearings to Mid Plates through the Longer-Mid-Plate-Sides

Repeat x2 replacing the Mid-Plate-Upper with:
- x1 Mid-Plate-Mid
- x1 Mid-Plate-Lower
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Figure 21. Linear Actuator Assembly.
Parts:
- x16 Nut-T-Slot to Mid Plates (65462A029)
- x4 Connecting Rod (6516K14)
- x16 Lead Screw Spacer Bar Nuts (95462A505)
- x1 Lead Screw Flange Nut (7549K19)
- x1 Lead Screw Clamp (2198N13)
- x1 Lead Screw (7549K76)
- Mid-Plate-Upper Assembly
- Mid-Plate-mid Assembly
6a. Place a Lead Screw Spacer Bar Nuts on each end of the four connecting rods and tighten to
the end of the threads.
6b. Feed one end of the connecting rods through one of the four holes in a circular pattern on the
top of the Mid-Plate-Mid assembly and the other end through the bottom end of the Mid-PlateUpper Assembly.
6c. Thread the Lead Screw Flange Nut onto the Lead Screw by hand. Align the pre-drilled Lead
Screw Flange Nut holes with the four connecting rods and slide the rods through.
6d. Place two Lead Screw Spacer Bar Nuts one on the bottom and the other on the top of the
connecting rods, fixing the rod in place. Tighten with a wrench.
6e. Repeat steps 6b and 6c three more times.
6f. Screw the Lead Screw Clamp onto the end of the Lead Screw by hand then tighten the
retaining screw with the appropriate allen wrench.
6g. Thread the Lead Screw Flange Nut onto the Lead Screw by hand. Align the pre-drilled Lead
Screw Flange Nut holes with the
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Figure 22. Load Cell Plate Assembly.
Parts:
- x1 Load-Cell-Plate
- x2 Short-Mid-Plate-Sides
- x4 Screw-Into-Middle Plates (91864A050)
- x8 Bolts-Guide Rail to Load Cell Plate (9127A064)
7a. Align the two center holes on the Short-Mid-Plate-Sides with the bored-out holes on the edges
of the Load-Cell-Plate. The plates should form an I-beam.
7b. Insert two Screw-Into Middle Plates to Mid Plates through each of the Short-Mid-Plate-Sides
and thread directly into the Load-Cell-Plate.
7c. Insert the Bolts-Guide Rail to Load Cell Plate through the Short-Mid-Plate-Sides

Figure 23. Load Cell Plate Bearings Assembly.
Parts:
- x2 Linear Rail Bearings (9338T3)
- x8 Nuts-Guide Rail to Bearing (90242A194)
8a. Slide the face of the Linear Rail Bearings through the Bolts-Guide Rail to Load Cell Plate.
8b. Attach Nuts-Guide Rail to Bearing with a wrench holding the bearing in place.
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Figure 24. Linear Rail System Assembly.
Parts:
- x2 Linear Rail (7416N78)
- x4 Linear Rail Clamps (9665T1)
9a. Slide the Linear Rail shafts through two of the Linear Rail Clamps.
9b. Slide the Linear Rail shafts through the bearings.
9c. Slide the Linear Rail shafts through the final two of the Linear Rail Clamps.

Figure 25. Lower Rail System Assembly.
Parts:
- x4 Linear Rail Bolt (92620A825)
- Mid-Plate-mid Assembly
10a. attach the four Linear Rail Bolt’s with a wrench to the ends of the Linear rail. The lower to bolts can
be screwed directly. The upper two need to be threaded through the Mid-Plate-mid Assembly.
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Figure 26. Assembly
Components:
- Linear actuator system connected to the Lower Rails system
- Frame
- Nuts-T-Slot Bearings to Mid Plates

11a. Attach the Linear actuator system connected to the Lower Rails system to the frame. The bolts
should already be attached to the mid plates however you will need to obtain the Nuts-T-Slot Bearings to
Mid Plates.
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Figure 27. Compression Actuator Assembly.
Parts:
- x2 Compression Load Cell Flange (906011A500)
- Compression Load Cell
- Rotary Actuator
- x6 Compression Load Cell Flange bolts (91251A094)
- x6 Compression Load Cell Flange Nuts (91841A004)
- Actuator Plate
- x4 Bolt - Rotary Actuator to Top Plate (92314A257)
- x4 Nuts - Rotary Actuator to Plate (91841A011)
- x4 Spacers (92320A487)
12a. Screw a Compression Load Cell Flange onto either end of the load cell by hand.
12b. Insert screws into the Compression Load Cell Flange and through the corresponding
holes in the Actuator Plate.
12c. Use the corresponding Compression Load Cell Flange Nuts to tighten.
12d. Align the four holes of the AC motor with the four holes in the center of the op plate.
12e. Slide the Spacers over the Bolts-Rotary Actuator to Top Plate.
12f. Place the Bolts-Rotary Actuator to Top Plate into the aligned holes of the motor and top plate
12g. Use allen wrench to tighten all 4 screws.
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Figure 28. Shaft System Assembly.
Parts:
- Compression Custom Flange
- x2 Shaft Coupling (9800T37)
- Torque Transducer
- Mid-Plate-Lower Assembly
- Torque Transducer to Chuck Shaft.
13a. Slide the Compression Custom Flange into one end of the Shaft Coupling and
tighten with an allen wrench until snug.
13b. Place one end of the torque transducer in the opposite end of the shaft coupling and
tighten with an allen wrench until snug.
13c. Repeat steps a and b, exchanging the Compression Custom Flange with the Torque
Transducer to Chuck Shaft.

Figure 29. Compression System Assembly.
Parts:
- Shaft System Assembly
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- Compression Actuator Assembly
- x6 M5 screws

14a. Attach the shaft System Assembly to the Compression Actuator Assembly using 6 M5 Screws.

Figure 30. Tension load cell attachment.
Parts:
- Tension Load Cell
- x8 Tension load cell – Bolts (90044A125)
- x8 Tension load cell – Nuts (95462A029)
15a. Attach the Tension Load cell bolts to the Tension load cell using the tension load cell nuts.

Figure 34. Tension load cell to rotary actuator.
Parts:
- Rotary Actuator Plate
- x4 Tension load cell – Bolts (90044A125)
- x4 Tension load cell – Nuts (95462A029)
- Tension system extender (3313N792)
- Tension Load Cell flange
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16a. Attach the Tension load cell flange directly to the rotary actuator plate using the tension load cell
bolts and the corresponding nuts, tension load cell nuts.
16b. Thread the tension system extender by hand directly into the tension load cell flange. The parts
should be snug.

Figure 35. Lower rotary actuator.
Parts:
- Lower Rotary Actuator
- x4 Rotary Actuator – Bolts (92314A257)
- x4 Spacers (92320A487)
17a. Place the four rotary actuator bolts through the mounting holes in the lower rotary actuator.
17b. Slide the spacers over the rotary actuator bolts.
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Figure 36. Lower rotary actuator system.
Parts:
- x4 Rotary Actuator – Nuts (91841A011)
18a. Slide the rotary actuator plate onto the rotary actuator mounting bolts.
18b. Secure the rotary actuator plate to the lower rotary actuator with four rotary actuator nuts.

Figure 37. Tension System Assembly.
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19a. Combine the tension load cell system with the lower rotary actuator system by threading the
extending rod directly into the load cell.
Shown below in Figure 38 is the assembled system with the tension subassembly attached.

Figure 38. Assembled System with Tension Setup
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Test Plans
As defined in the problem statement, the goal is to develop a low-cost automated testing fixture based on
the standards established in ASTM F543-17. Specifically, the fixture should measure the mechanical
properties of metallic bone screws as discussed in Annexes 1-4. Each of the tests will be performed five
times with bone screws. Since Annex one will destroy the screw, it will be conducted last.
To complete the testing described above the team will need: the completed test fixture, fifteen 15pcf bone
foam samples, and five SeaSpine bone screws. The testing will be performed in the Senior Project Room
(Cal Poly 192-330). To prepare the samples, the bone foam will be cut, and pilot holes will be drilled
using a band saw and drill press, located in the Cal Poly Machine Shops. To use this equipment the team
will be required to obtain Red Tag Certifications.
The following Design of Experiments table (Table 11) outlines the major tests performed on the device to
ensure that the system met the engineering specifications.
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Table 11. Design of Experiments Table

Test
Category

Number

Test Name

Purpose for
Validation

Expected
Result

Pass/Fail
Criteria

Samples
Taken

1

Motor
Rotation

Motor Accuracy

1 rpm, 5 rpm,
30 rpm

±0.1 rpm

30

2

Lead Screw
Displacement

Linear Precision

90 mm

±1 mm

5

Pass/Fail

5

Pass/Fail

5

Pass/Fail

5

Pass/Fail

5

+1 mm/
- 1mm

5

Component
Validation

ASTM F543
Annex Data
Collection

System
Geometry

3

Annex 1

Torsional
Properties

4

Annex 2

Driving Torque

5

Annex 3

Axial Pullout
Strength

6

Annex 4

Self-Tapping
Performance

7

System
Sizing

Screw
Compatibility

Torque (Nm)
vs. Angle of
Rotation
(degrees) data
output
Insertion and
Removal
Torque (Nm)
data output
Load (N) vs
Displacement
(mm) data
output
Torque (Nm),
Axial Load (N)
and Axial
Displacement
(mm) data
output
0-150 mm

Detailed Testing Protocols
Test 1: Motor Speed Validation
To perform this test the user will input the desired rpm, 1, 5 or 30, and then record the rpm output with a
camera for a minute. After reviewing the video and extracting the rpm values at two second intervals for a
total of 30 data points per rpm tested, the data will be determined whether the rpm are within the desired
0.1 rpm accuracy at all three speed settings.
Test 2: Lead Screw Displacement Precision
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Test 2 is designed to verify the use of the rotary actuators in tandem with a lead screw will output linear
displacement that meets the required ±1mm accuracy. To perform this test, the user will first mark the
location of the upper sliding plate by marking the t-slot railing. They will then set the upper linear actuator
to 30 rpm and run the program for 1 minute. Upon completion, the new location of the plate will be
compared to the original marking, with displacement recorded in millimeters. This test will be repeated 5
times with the lead screw moving downwards, and an additional five times with the motor moving upwards
to ensure that the weight or overall design of the system does not impact precision.
Test 3: Annex 1 (Torsional Properties)
The setup for annex 1 testing includes a bone screw clamped in the vise (no bone foam) with five threads
visible above the vise clamps. To perform the test, the appropriate bit should be attached to the screw’s
head, recording the axial force required to keep screw and bit contact consistent. The torsional force applied
will be at a constant rate of 4 rpm. Torque values will be measured and translated to LabVIEW for post
processing. For a more in-depth procedure refer to ASTM F543-17.
Test 4: Annex 2 (Driving Torque)
The system will be the compression configuration for annex 2 test. A bone foam sample will be placed into
the vise. To perform the test, insert the screw at a constant rpm measuring its torque value. The highest
torque read is the driving torque for the screw. Next remove the screw at the same rate used during insertion.
As with before, record the torque value throughout this test. The maximum value during removal is its
removal torque. For a more in-depth procedure refer to ASTM F543-17.
Test 5: Annex 3 (Axial Pullout Strength)
The system will be in the tension configuration for the annex 3 test. A bone foam sample will be placed
into the vise with a pilot hole. To perform this test, insert a screw to a predetermined depth. Once inserted,
attach the screw to the test fixture and remove it at a specified rate. Record the axial load applied to remove
the screw. For a more in-depth procedure refer to ASTM F543-17.
Test 6: Annex 4 (Self-Tapping Performance)
The system will be in the compression configuration for annex for testing. A bone foam sample containing
a pilot hole will be placed into the vise. To perform this test, apply an axial load at a constant rate while
rotating the screw at a predetermined speed. Record the axial load, torque, and axial displacement
throughout insertion. The tapping force occurs which is outlined in ASTM F543-17. For a more in-depth
procedure refer to ASTM F543-17.
Test 7: System Sizing
For this test, measurements will be taken when the system is at its limits in both the upward and downward
direction of motion. To ensure that the largest SeaSpine bone screw will fit into the system, a minimum of
150 mm of space must be observed between the longest shaft configuration and the vise. This will be
visually inspected to determine pass fail criteria.
Testing Data and Analyses
Test 1: Motor Speed Validation
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When testing if the system could meet the rotational speeds of 1 rpm, 5 rpm, and 30 rpm, data was collected
for 1 minute in intervals of 2 seconds. The results of the testing are all within the determined range of ± 0.1
rpm. The resulting data from these tests can be found in Appendix G.
Test 2: Lead Screw Displacement Precision
Testing was conducted to validate the axial displacement of the linear actuator system based on the input
of motor velocity. While the motor was run at 30 rpm for a time of 1 minute, the standard deviation for the
upward movement was 0.14 and the standard deviation for the downward movement 0.35 (full data set in
Appendix G). These are both within our ranges of ± 0.01 for the precision of the linear actuator system.
Test 3: Annex 1 (Torsional Properties)
Annex 1, torsional properties, was unable to be completed. This was due to a design error, preventing the
compression subassembly from being properly attached to the system. Therefore, no data output was
observed.
Test 4: Annex 2 (Driving Torque)
Annex 2, driving torque, was completed. Maximum torque readings were recorded in mV and converted
into N-m using a linear scale. Since data was able to be properly visualized, the Annex 2 specification was
passed. A full data set is located in Appendix G.
Test 5: Annex 3 (Axial Pullout Strength)
Annex 3, axial pullout testing, was ran to completion, however the results from this testing was
inconclusive. It is determined that the mechanics of the test system work to complete annex 3, however due
to limited software capabilities readable output graphs from the tension load cell are unable to be
accomplished at this time.
Test 6: Annex 4 (Self-Tapping Performance)
Annex 4, self-tapping performance, was unable to be completed. This was due to a design error, preventing
the compression subassembly from being properly attached to the system. Therefore, no data output was
observed.
Test 7: System Sizing
Testing to determine if the full range of SeaSpine bone screws are compatible was completed. Through
visual inspection, the system can reach beyond the top of the vise, as well as surpassing the 150 mm space
requirement with a generous factor of safety. This is achieved due to our two axial displacement systems:
the lead screw and the inner rails.
Instructions for Use (Operation Manual)
An operator’s manual for the control of the motors can be viewed in detail in Appendix H.
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Discussion
The project began with a significant research phase on the mechanical design aspects as well as on the
electronic components. This was done by breaking down the customer requirements into engineering
specifications so that necessary subcomponents could be identified. This research included contacting
suppliers to source components such as the motor, torque transducer, and load cells. As the project moved
from the initial conceptual design to the detailed design, our mechanical structure went through multiple
iterations until it became a more practical system. Once the purchased components were finalized, custom
components were designed to allow for compatibility with the mechanical structure. After this overall
mechanical design was completed, FEA was performed on the various components to ensure that the
strength and stiffness of the components would withstand the potential forces that occur during testing. The
team sent drawings to SeaSpine to get custom parts manufactured (Appendix F) and ordered stock material.
The stock material manufacturing was completed in the Cal Poly Mustang 60 and Hanger machine shop in
accordance with the detailed drawings (Appendix E). Due to unfortunate lead times and issues with
manufacturing, this stage of development took longer than originally anticipated and resulted in the group
slightly adjusting the scope of the final product. It was determined that creating a working mechanical
system was the most integral aspect of the project, so more time was allotted to creating a proper mechanical
fixture. However, this resulted in less time being spent on the software development side. Instead, the team
focused on creating a more robust system for operating the motors to ensure that the device could be
controlled to meet the necessary functions for testing. However, this robust nature of the device controls
also resulted in issues with electronic component compatibility, which prevented the team from creating
integrated feedback loops needed for specific tests. During assembly of the system, the team identified a
weakness in the design to efficiently attach the compression subassembly. For future iterations of the
device, we recommend modifying the design to improve the usability when interchanging from the tension
to the compression setups. Additionally, the holes in the baseplate for the vise should be machined into
slots for more adjustability of the system. In order to clamp smaller samples of bone foam in the vise, its
fixed end should be moved closer to the centerline of the system. Furthermore, it is recommended that the
motors are integrated with the load cells and torque transducer using LabVIEW. This would then allow for
the creation of feedback loops necessary to control axial load over time that is necessary for Annex 3 of
testing.
Conclusion
This document serves as an outline for our ASTM F543 testing device. The project focus is to design and
manufacture a working test frame, capable of completing all four tests outlined in ASTM F543 annex’s 1,
2, 3, and 4. Background research, specification development, and project planning steps were first
completed to outline the project and begin the design process. Concept generation and concept selection
stages of the design process as well as the development and analysis of a conceptual model are also included
within this document. A finalized detailed design along with accompanied detailed drawings were
developed. Upon completion, manufacturing process instructions and test plans were written to assist in the
assembly and analysis of the design. Future steps will include ordering necessary components, assembling
the ASTM Test System following the written MPI, and performing test analysis for verification.
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Appendix
A. Gantt Chart
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Figure 39. Gantt Chart
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B. Budget
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C. Individual Pugh Matrices
Table 12. Pugh Chart Representing Matt’s Scoring
Matt's Rating
Function

Weight

Baseline:
ElectroPuls
E3000

Concept 1

Concept 2

Concept 3

Capable of Test 1 (Torsion)
Capable of Test 2 (Torque)
Capable of Test 3 (Pullout)
Capable of Test 4 (Self Tapping)
Ease of Operation
Low Cost
Reliability/Durability

10
10
7.5
7.5
5
30
5

1
1
-1
1
1
-1
1

1
1
1
1
1
0
1

1
1
1
1
1
0
0

1
1
0
1
1
0
-1

Compatibility with Required
Screws

5

0

1

1

1

10
10
100

1
1

0
1
60

1
0
55

-1
1
32.5

Data Output
Verification/Validation

Table 13. Pugh Chart Representing Sarah’s Scoring

Function

Weight

Capable of Test 1 (Torsion)
Capable of Test 2 (Torque)
Capable of Test 3 (Pullout)
Capable of Test 4 (Self Tapping)
Ease of Operation
Low Cost
Reliability/Durability

10
10
7.5
7.5
5
30
5

Compatibility with Required
Screws

5
10
10
100

Data Output
Verification/Validation

Sarah's Rating
Baseline:
ElectroPuls
E3000
1
1
-1
1
1
-1
1
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Concept 1

Concept 2

Concept 3

1
1
0
1
0
1
1

0
0
0
1
1
1
0

1
1
1
1
1
1
-1

0

1

1

1

1
1
20

0
1
77.5

1
1
67.5

0
1
80

Table 14. Pugh Chart Representing Tom’s Scoring

Function
Capable of Test 1 (Torsion)
Capable of Test 2 (Torque)
Capable of Test 3 (Pullout)
Capable of Test 4 (Self Tapping)
Ease of Operation
Low Cost
Reliability/Durability
Compatibility with Required
Screws
Data Output
Verification/Validation

Tom's Rating
Baseline:
Weight
ElectroPuls
E3000
10
1
10
1
7.5
-1
7.5
1
5
1
30
-1
5
1

Concept 1

Concept 2

Concept 3

1
1
1
1
1
1
0

1
1
1
1
1
0
1

1
1
0
0
0
1
0

5

0

1

1

1

10
10
100

1
1
20

1
1
95

1
1
70

0
1
65

Concept 1

Concept 2

Concept 3

1
1
1
1
1
1
1
1
1
1
100

1
1
1
1
0
0
0
1
1
1
60

1
1
1
1
1
1
0
1
0
1
85

Table 15. Pugh Chart Representing Kaajal’s Scoring

Function
Capable of Test 1 (Torsion)
Capable of Test 2 (Torque)
Capable of Test 3 (Pullout)
Capable of Test 4 (Self Tapping)
Ease of Operation
Low Cost
Reliability/Durability
Compatibility with Required Screws
Data Output
Verification/Validation

Kaajal's Rating
Baseline:
Weight
ElectroPuls
E3000
10
1
10
1
7.5
-1
7.5
1
5
1
30
-1
5
1
5
0
10
1
10
1
100
20
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D. Previous Detailed Design
Starting from our front runner concept (concept 1) determined from our team’s Pugh charts shown in Table
8 we determined our initial concept model seen in Figure 3 through 5 Since the concept model was created
the model has been updated as more research has been completed. The system now has the load cell under
the middle plate instead of under the vise. This allows for an easy transfer of load cells to create a different
tension configuration versus the compression configuration. This change was made in order to reduce the
costs of our system. By having two load cells we can sperate the high loads we need in tension from the
high accuracy we need in compression allowing for cheaper load cells to be purchased. In addition, this
change allowed us to use an off the shelf vise instead of making a custom self-centering vise which added
to the reduction in budget. Another significant change that was made was with the linear motion in the
device. Through communication with numerous linear actuator specialist, we learned that the slow rate we
needed in our linear motion would not be possible with standard linear actuators within our budget. Based
on this information we changed our design to utilize a lead screw with a rotational motor to produce accurate
slow rates of our linear motion.
Due to the changes in our linear motion strategy, the overall system increased in height. The overall size
has a height of 3 feet, a width of 1.5 feet, and a depth of 1 foot. An overview of this model can be found
below in Figures 40- 51.

Figure 40. Full Assembly and associated Bill of Materials – Assembly/Compression Module
Figure 41 below shows the alternate full assembly with the pullout test fixture in place.
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Figure 41. Bill of Materials – Tensile Module Only
Figure 42 below shows the drawing of the custom pullout fixture. This attachment will be swapped out
with the subassembly that is used during compression tests.
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Figure 42. Custom Assembly of Pullout Fixture
Figure 43 below shows the custom piece that will be used to attach the rotary actuator to the keyed slot of
the torque transducer.

Figure 43. CUSTOM-2
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Figure 44 is the piece that was made to universally screw the middle plate to the tension and compression
subassemblies.

Figure 44. Custom Universal Coupling
Figure 45 is the spacer that allows for linear translation on the threaded rod.

Figure 45. Custom Spacer for Rotary Actuator
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Figure 46 showcases the piece that attaches the torque transducer to the drill bit.

Figure 46. Custom Coupling between Torque Transducer and Bit
Figure 47 showcases the piece that connects the universal middle plate screw to the tension only load cell.

Figure 47. Universal Custom Fitting for Center Plate
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The base of our system is shown below in Figure 48. This base plate is a quarter inch thick and made of
6061 Aluminum. Aluminum was selected due to its combination of being light weight and still
maintaining strength, the thickness was validated using FEA analysis (Abaqus).

Figure 48. Base Plate Drawing
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The middle plate of our system is shown below in Figure 49. This plate provides an attachment for our
components, specifically to the threaded rod and the load cell, to guide the linear motion of our system.
The plate is also made of 6061 aluminum for the same reasons as the top and base plates, however since
this plate will not be carrying load due to the attachment to the bearings on the t-slot, the thickness was
determined to be an eighth of an inch.

Figure 49. Middle Plate Drawing
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Figure 50 below shows the 3D solid body assembly of the device with the standard torque fixture.

Figure 50. Front view of compressive design.
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Similarly, Figure 51 below shows the 3D solid body assembly of the device with the pullout fixture.

Figure 51. Front view of tensile system.
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E. Detailed Drawings of Custom Components
Due to the complexities and sensitivities of our system custom connections were required to ensure
a solid system. The first of these is the rotary actuator compression attachment piece shown below
in Figure 52. This connection was designed to fit into the corresponding high strength keyed
coupling to the torque transducer as well as to the base of the rotary actuator.

Figure 52. Rotary Actuator Attachment Compression Custom Part Drawing
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Additionally, in the compression set-up there was a need for a custom connection from the rotary
actuator to the lead screw. This part can be seen below in Figure 53. One side of the part threads
directly into the threaded lead screw while the other side bolts into the upper rotary actuator. This
allows for translation of motion from the motor into the lead screw, causing the overall system to
have linear motion.

Figure 53. Rotary Actuator to Threaded Rod Custom Part Drawing
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The inferior side of the torque transducer needs to connect to the chuck holding the bone screw. In
order to accomplish this, we designed a part that, again, connects in the high strength keyed
coupling attached to the toque transducer as well as connects to the chuck specific geometry, as
shown in Figure 54. The chuck locks into place using two threads, one right-handed and one lefthanded. The left-handed internal thread on the part is for the retaining screw on the chuck.

Figure 54. Shaft Transducer to Chuck Custom Part Drawing
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In the tension set up we have a custom piece connecting the shaft to the chuck with the same lefthanded retaining screw thread. The top end of this part connects threads into the flange attached to
the tension load cell. The part can be seen below in Figure 55.

Figure 55. Tension Flange to Chuck Custom Part Drawing
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Lastly, for our tension set up we have a tensile load cell flange attaching the load cell plate to the
threaded rod extension piece. This allows for a rigid connection, maintaining our systems stiffness.
The part can be seen below in Figure 56.

Figure 56. Tension Load Cell Flange Custom Part Drawing
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F. Detailed Drawings of System Plates
Figure 57 below shows the detailed drawing for which the upper middle plate was manufactured in
accordance with. The part was initially water jetted from the stock material, and then finished using the
drill press and a tap. This plate is attached to the T-slots through the long side plates and T-slot bearings.

Figure 57. Middle Plate Upper Detailed Drawing
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Figure 58 below shows the detailed drawing for which the lower middle plate was manufactured in
accordance with. The part was initially water jetted from the stock material, and then finished using the
drill press and a tap. This plate is attached to the T-slots through the long side plates and T-slot bearings.

Figure 58. Middle Plate Lower Detailed Drawing
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Figure 59 below shows the detailed drawing for which the mid middle plate was manufactured in
accordance with. The part was initially water jetted from the stock material, and then finished using the
drill press and a tap. This plate is attached to the T-slots through the long side plates and T-slot bearings.

Figure 59. Middle Plate Middle Detailed Drawing
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Figure 60 below shows the detailed drawing for which the shorter side plates were manufactured in
accordance with. The part was initially water jetted from the stock material, and then finished using the
drill press and a mill. This part attaches to the load cell plate and the T-slot bearings.

Figure 60. Short Side Plate Detailed Drawing
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Figure 61 below shows the detailed drawing for which the longer side plates were manufactured in
accordance with. The part was initially water jetted from the stock material, and then finished using the
drill press and a mill. This part attaches to the load cell plate and the T-slot bearings.

Figure 61. Long Side Plate Detailed Drawing
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Figure 62 below shows the detailed drawing for which the base plate was manufactured in accordance with.
The part was initially water jetted from the stock material, and then finished using the drill press. This part
attaches to the T-slots and the vise.

Figure 62. Base Plate Detailed Drawing
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Figure 63 below shows the detailed drawing for which the top plate was manufactured in accordance with.
The part was water jetted from the stock material and attaches to the T-slots as well as the upper rotary
actuator.

Figure 63. Top Plate Detailed Drawing
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Figure 64 below shows the detailed drawing for which the vise plate was manufactured in accordance with.
The part was machined using the mill and a tap press. This part provides threading for the vise bolts.

Figure 64. Vise Plate Detailed Drawing
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Figure 65 below shows the detailed drawing for which the load cell plate was manufactured in accordance
with. The part was initially water jetted and was post machined using the mill. It is attached to the inner rail
system through the short side plates.

Figure 65. Load Cell Plate Detailed Drawing
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Figure 66 below shows the detailed drawing for which the actuator plate was manufactured in accordance
with. The part was machined using the mill and serves as a connection between the load cells and the rotary
actuator.

Figure 66. Actuator Plate Detailed Drawing
G. Testing Data
Table 16 shows the results from test number 2, motor rotation testing.
Table 16. Results from Motor Rotation Testing
Interval
1
2
3
4
5
6
7
8
9

Motor Speed
30 RPM
29.9733
29.9681
29.9945
29.9751
30.0196
30.0594
29.9498
30.0103
30.0022

5 RPM
5.0268
4.9771
4.9551
4.9532
5.0402
4.9699
4.9878
5.049
4.9818
83

1 RPM
0.9722
1.0211
0.9926
0.9954
0.9914
1.0056
1.0218
0.991
1.006

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Average

30.0381
29.9763
30.0039
29.9664
30.0181
30.0574
29.9584
29.9464
29.9871
29.9344
29.9397
30.0446
30.0373
30.0406
30.0389
30.008
29.9403
30.0333
30.062
29.9857
30.0563
30.001

5.044
5.0378
5.0097
4.9674
5.0608
4.9729
4.9528
4.9987
5.0142
5.02
5.0305
5.0018
5.0332
4.975
5.0121
5.0069
4.9811
5.0208
5.017
4.9699
5.0301
5.003

0.9881
0.9958
0.9954
0.9709
0.992
0.9945
0.996
0.9876
0.9805
0.9672
1.0047
0.9795
1.009
0.9412
0.9895
1.0507
0.9827
1.0102
0.9661
0.9933
0.9956
0.993

Table 17 shows the results from test number 2, axial displacement testing.
Table 17. Results from Axial Displacement Testing
Distance Traveled (mm)
Down
Up
90.6145
91.0463
90.5637
91.2876
90.5637
90.8558
90.8558
90.3351
90.4875
90.932
90.61704
90.89136
0.14096
0.35120

Trial #
1
2
3
4
5
Average
Standard Deviation

Table 18 shows the results from test number 4, Annex 2 testing. The voltage output values are read from
the torque transducer through the data acquisition board. These voltages were then converted into the torque
output values through a linear scale. During scaling the absolute value was taken, the insertion values
represent clockwise rotation, while removal values represent counterclockwise rotation.
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Table 18. Results from Annex 2 Testing
Voltage Output (mV)
Trial #

Torque Output (N-m)

Insertion

Removal

Insertion

Removal

1

287.59

-211.55

1.1504

0.8462

2

407.54

-121.26

1.6302

0.4850

3

291.46

-184.46

1.1658

0.7378

4

340.47

-223.15

1.3619

0.8926

5

325

-220.57

1.3000

0.8823

Average

330.412

-192.198

1.3216

0.7688

Standard Deviation

48.5545

42.5134

0.1942

0.1701
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H. Operators Manual
Operator Instructions - Motor Control
1. Connecting to System
a. Run CME2 V7.1 Application on Windows System.
b. Open up the Communications Wizard (Tools->Wizard).

c. Select an EtherCAT Connection
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d. Select the proper connection type from the dropdown menu.

e. The saved flash memory will open, and the following menu will be accessible.

2. Set System Specifications
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a. Restore Drive Configuration (File->Restore->Drive Configuration (.ccd).

b. Restore Amplifier Data (File->Restore->Amplifier Data (.ccx).
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c. Restore CVM Control Program (File->Restore->CVM Control Program (.ccp).

d. Set proper motor
e. Select Motor/Feedback from the main window.
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f.

Select ____ using the icon seen below.

g. Locate the file “FHA-14C-100-US200.ccm” and click “open”.
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h. Select “Calculate” function to allow for data to autofill. Click “OK”.

i.

Return back to the main page. Select Input/Output.
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j.

Choose “Amp Enable-HI Enables” from dropdown.

k.

Return back to the main page. Select “V Loop”.
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l.

Set velocity limit (Note: 100 rpm on program = 1 rpm in real time)

m. Return back to the main page.

3. Jog Control of Motors
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a. Access Control Panel from main window

b. The following window will open. If any red dots, select “enable”
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c. Ensure that all boxes are green or yellow as seen in the image below

d. Check the “Enable Jog” box

e. Set Velocity (Note: If you input 100 RPM, the motor will move 1RPM in real time)
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f.

Press and Hold “Move POS” to rotate motor Clockwise

g. Press and Hold “Move NEG” to rotate motor Counter-Clockwise

4. Programmed Control of Motor
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a. Select “CVM Control Program” from the main window.

b. Select Folder Icon to open test program corresponding to Annex of choice
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c. Click “sequence 0” on Program Sidebar

d. Click the play button to run programmed control
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e. Click the stop button to end program
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